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a b s t r a c t
To enhance the catalytic properties of woody biochars, an O 2 gas-phase treatment was performed at different temperatures (280, 340 and 400 °C) and times (2 h, 4 h, 8 h, 16 h) post-gasification. In fact the development of o-containing carbons based materials to increase their reactivity is gaining momentum. The efficacy and selectivity of the oxygen chemisorption on the biochars surface were investigated. FTIR revealed that the oxygenation has been efficient. Temperature Programmed Desorption (TPD) confirmed FTIR results and led to go further by providing quantitative results and insights into the selectivity. In fact the oxygen content at the surface was increased 1.3, 1.7 and 2.1 times after 2 h at 280, 340 and 400 °C respectively. At 280 °C, above 4 h of treatment the surface became saturated and the oxygen content was increased by 40%. The formation of weak acid functional groups has been enhanced without removing the basic functional groups already present on the surface. Carboxylic acids (strongest acids) were removed since they were not stable at the treatment temperature. The higher the total amount of o-containing functions, the more acid the pH pzc . The pH pzc of the raw biochars is of 3.1. At 280 °C even if the oxygenation was efficient it did not impact the global surface acidity. At highest temperature the higher amount of oxygenated functions decreased the pH pzc to reach and go below 2. Thus the chemisorption was efficient and selective. BET analyses showed that at highest temperatures (340 and 400 °C) the treatment increased the surface area and porosity. At 400 °C the specific surface area gained 15% and the porosity was increased 1.5 times whereas at 280 °C the specific surface area decreased to reach 80% of the initial surface area. These results highlight that the combustion has been enhanced at 340 and 400 °C which burnt carbon atoms and free the pores. Thus oxygenation at 340 or 400 °C is more interesting than at 280 °C since results have shown that the higher efficiency, specific surface area and porosity have been obtained under those conditions.
Introduction
Carbon materials have interesting surface properties to be used as adsorbents [1, 2] catalysts [3] or catalytic supports [4, 5] . Among the physico-chemical properties, surface oxygenated functional groups have been recognized to influence performance. The development of O-containing carbon based materials is of great interest and is currently utilized in many catalytic applications such as electrode materials in supercapacitors [6] , reduction of tetracycline and aromatic nitro compounds [7, 8] SO 2 and NO x removal from flue gases [9] and dehydrogenation/dehydration of aliphatic alcohols. For example, Szymanski et al. concluded that acidic organic functions were active sites for hydrocarbon dehydrogenation and dehydration [10] [11] [12] [13] . In addition, Teng et al. [9] have correlated the increase of the carbon material activity toward the reduction of NO with NH 3 to the enhancement of acidic functions, specifically the hydroxyl type groups. Therefore functionalization of solid surfaces with O-containing groups is of great interest to increase their reactivity.
Most of the studies about functionalization have been already performed on activated carbons from polymers sources, carbon black or coal chars which all come from fossil fuel feedstocks [14, 15] . An emergent inexpensive candidate is biochar from biomass gasification. Typically considered as a residue, their physico-chemical properties can have application in the catalytic field [16, 17] . Biochars are microporous material with a high surface area containing heterogeneous atoms such as metal or oxygen atoms imbedded in the carbon matrix. Different O-containing groups such as carboxylic acids, lactones, carbonyls, ethers or phenols structure have been identified on chars from biomass conversion [18] . Functionalization of their surface by increasing the oxygen content is an opportunity to further develop them as an inexpensive catalyst from renewable sources. Various methods of oxygenation have been investigated either in gas and liquid phase: such as nitric acid, phosphoric acid, hydrogen peroxide, nitrous oxide and ozone [18] [19] [20] . Liquid phase treatments are strong oxidizing agents however they tend to decrease the porosity significantly and therefore the surface area. Alternatively gas-phase treatments are known to enhance the porosity and are competitive toward oxygen chemisorption compare to liquid treatment [21] .
In this study biochars from gasification of poplar wood have been oxygenated by an O 2 gas-phase treatment at various temperatures ranging from 280°C to 400°C and for several duration times between 2 h and 16 h. The aim of the process was to chemisorb oxygen at the surface to increase the oxygen content. However, during the O 2 gas-phase treatment at the mid-range temperature, some oxygen atoms react with the carbon matrix instead of chemisorb which is traduced by a mass loss. Thus the oxygen chemisorption is in competition with the combustion reaction. At the appropriate operating conditions, the combination of these two reactions has a positive effect on the char surface properties. The chemisorption increases the oxygen content while the moderate combustion enhances the porosity and the specific surface area thus counteracting any surface area reduction associated with the chemisorption. Oxygenation of solid surfaces has already been studied using model structures such as activated carbon or black carbon. Therefore the goal of this study is to evaluate the efficacy and selectivity of the oxygen chemisorption on raw biochars. This material has already shown catalytic activity for hydrocarbon cracking or tar reforming. Its high surface area, the defects in the carbon matrix and the inherent heterogeneity (oxygenated functions and mineral content) should play a role in its reactivity. Increasing the oxygenated content is an opportunity to enhance its catalytic activity for the reactions presented in the first paragraph. Moreover the development of oxygenated biochars as catalyst is a competitive alternative to the commercial metal doped catalysts. In addition this study discusses the competition between the oxygenation and the combustion reactions for the different operating conditions (time and temperature). Firstly the oxygenation efficacy will be observed by FTIR and then its selectivity will be described using Temperature Program Desorption. In a second step the global acidity of the biochars surface is investigated and correlated to the total oxygen amount of the surface by measuring their pH pzc . Finally, the evolution of the porosity and the specific surface area are investigated and linked to the mass loss to evaluate the competition between oxygen chemisorption and combustion. The final goal is to determine the best conditions to obtain the greatest level of oxygenated functions at the char surface without porosity loss in order to increase the catalytic reactivity of biochars.
Experimental
The experiments were carried out in three main steps: first poplar wood has been gasified under steam in a fluidized bed. Afterwards, the raw biochars where harvested and then oxygenated under a mixture of 8 v% O 2 /92 v% N 2 for different operating conditions and finally the oxygenated biochars surface have been characterized by Temperature Program Desorption, FTIR, pH pzc and BET analyzer.
Raw char generation by gasification of poplar wood
65 g of poplar wood chips (furnished by Lithaspen company) have been gasified into a fluidized bed (custom-made stainless steel) at 750°C during 30 min into a 90 v% H 2 O/10 v% N 2 mixture (purity: 99.5%) atmosphere of 1.5 Nm 3 /h. Prior to gasification, the poplar wood has been ground into chips of about 4 mm Â 4 mm Â 1 mm. The gasifier was 60 cm height with an internal diameter of 6 cm. A quartz frit was positioned at approximately 12 cm from the bottom to hold the biomass. To ensure the biomass remains in the reactor a second frit was put at the top of the reactor. Ten K-type thermocouples (IEC-KX-1) have been installed 5 cm apart throughout the vertical direction to measure the temperature profile. A thermocouple positioned at center height of 30 cm was connected to a temperature controller (IEC-KX-1). The heating rate was 20°C/min. Steam was produced from a vapor generator (liquid brooks mass flow controller flowomega) and nitrogen (ultra high purity) flow rate was controlled by a mass flow controller (Brooks 3851S). Post-testing, gasification chars have been crushed and sieved to obtain particle diameter between 100 and 500 lm. Table 1 shows the elemental composition, the ash and moisture content of the raw biochar harvested from the gasifer.
Oxygenation of the biochars surface by O 2 /N 2 gas-phase treatment
Approximately 100 mg of char (named raw_char) have been oxygenated in flow through micro-reactor (ChemBet Pulsar-model 05090) under a mixture of 8 v% O 2 / 92 v% N 2 (ultra high purity) and a flow rate of 45 ml/min for various time durations (2 h, 4 h, 8 h and 16 h) at 280°C. The choice of oxygen concentration was to enable better resolution of the time dependence of oxygen interaction.
The produced chars utilized in this study are named as follows: ox2h_280C, ox4h_280C, ox8h_280C and ox16h_280C respectively. Oxygenation has also been carried out at 340°C and 400°C for 2 h to serve as comparisons. These chars are called: ox2h_340C and ox2h_400C (see Table 2 ).
Oxygenation has been performed in a quartz U-tube with an internal diameter of 4 mm placed into an electrical furnace (Chembet Pulsar instrument). The char bed of 75 mm length was maintained by quartz wool at the extremities. The Chembet furnace was equipped with two grounded thermocouples (K-type) one for control and the other one inserted into one branch of the U-tube to monitor for over temperature conditions. The biochar bed was heated to the oxygenation temperature under pure nitrogen with a heating rate of 5°C/min. Once the oxygenation temperature was reached, the pure nitrogen (3.7 ultra high purity) was replaced by the 8 v% O 2 /92 v% N 2 mixture after twenty minutes. The oxygenation process was carried out in two steps because CO 2 was produced all over the process but was not coming from the same origin. During the heating CO 2 was produced due to the desorption of carboxylic acids which were not stable at the oxygenation temperature. Then, during the oxygenation, combustion produces CO 2 . To be able to differentiate the CO 2 production origin, the heating was performed under pure nitrogen. Once the CO 2 production was almost equal to zero, the 8 v% O 2 /92 v% N 2 mixture was introduced. The effluent gas phase was analyzed online using a gas chromatograph (Agilent 3000A) with four different columns and TCD detectors which allow the detection of He, N 2 , O 2 , H 2 , CH 4 , CO and CO 2 . Production of CO 2 and CO was observed during the process which means combustion occurs during the oxygenation. The mass loss during the oxygenation process has been calculated from the following equation:
where m i is the initial mass of the biochar sample and m f is the final mass after the process.
Biochars surface characterization
The surfaces of raw and oxygenated biochars have been characterized by Temperature Program Desorption (TPD), FTIR, measure of their pH pzc and BET.
Temperature Programmed Desorption (TPD)
The Temperature Programmed Desorption (TPD) provides information about the nature and quantity of the different oxygenated groups at the surface of a solid. TPD of 50 mg of raw and functionalized chars have been performed in the ChemBet Pulsar instrument under a 25 ml/min of helium from 25°C to 1100°C with an heating rate of 5°C/min. The same set-up as for the oxygenation was used (see Section 2.2). Gas production was monitored by both the TCD detector from the ChemBet Instrument and by a 3000a gas chromatoghraph from Agilent with four different columns and TCD detectors which allow the detection of He, N 2 , O 2 , H 2 , CH 4 , CO and CO 2 . The total production of CO 2 and CO were calculated from the integration of the area under the curve of the chromatograms. The TCD detector provides a continuous signal but the separation of the components is not possible while the micro gas chromatograph does the differentiation but it only allows a semi-continuous analysis. Results of the micro gas chromatograph have been used for a quantitative comparison of the CO 2 and CO production during the TPD analyses. The deconvolution of the TCD signal has been performed on the TPRWin software furnished with the ChemBet Pulsar instrument.
FTIR
FTIR spectroscopy has been performed to observe the carbonoxygen bondings at the biochars surface. Prior FTIR analyses samples have been finely ground in a mortar and mixed in KBr. Spectra have been obtained from a Nicolet Impact 400D spectrometer by adding 32 accumulations at a resolution of 8 cm À1 .
pH pzc
The pH pzc of the different biochars have been performed to evaluate the global acidity of the surface. The pH at the point of zero charge is the pH above which the total surface of the carbon particle is negatively charged [22] . Prior to analysis buffer solutions fixed at pH = 2, pH = 3.1, pH = 4, pH = 7 and pH = 10 have been prepared and biochars have been crushed to obtain powder. 5 mg of powder have been immersed into 5 mL of buffered solution. After stabilization, the value of the zeta potential has been determined using a Zetasizer Nano ZS Malvern instrument.
BET
Textural properties such as specific surface area and micropore volume could be determined by adsorption of an inert gas. BET analyses have been done on an ASAP 2010 apparatus from Micromeritics. Adsorption of argon has been monitored at 77 K until a relative pressure of 1. Prior argon adsorption a degassing step of 30 h under high vacuum at 200°C has been performed. Specific surface area has been determined by application of the BET model. Pore size and pore volume have been evaluated using the Horvath-Kawazoe model.
Results and discussion
The discussion is first focused on the time dependence of the oxygenation process and afterwards the temperature effect is studied. The efficacy, selectivity, global acidity and the evolution of the porosity/specific surface area over the oxygenation are the four main points addressed in this section.
Impact of the oxygenation time of the o-containing groups
At 280°C the oxygenation process has been stopped at 2 h, 4 h, 8 h and 16 h to investigate the time dependence of the oxygen chemisorption. First, the efficacy and selectivity were evaluated by FTIR and TPD analyses. Once the total amount of oxygenated functions at the different biochars surfaces was determined it has been correlated to the global acidity of the surface by measurement of the pH pzc . Finally the evolution of the specific surface area and porosity have been carried out and correlated to the mass loss values.
Efficacy
The goal of oxygen chemisorption is to increase the total O-containing functions at the biochar surface. Its efficacy has been evaluated using two complementary techniques: FTIR and TPD. FTIR spectroscopy is sensitive to the different carbon-oxygen bondings. Fig. 1 shows the 800-2000 cm À1 region of FTIR spectra for the raw and functionalized biochars. All the spectra show bands in the region 1600-1800 cm À1 corresponding to the C@O bonds associated with anhydrides, lactones, carboxylic and quinones (see Table 3 ). Profiles of the functionalized char at 280°C for 2, 4 and 8 h display peaks similar to the raw char, but are more pronounced. A second large band is observable in Fig. 1 between 1000 and 1300 cm À1 which corresponds to the CAO bonds of lactones, alcohol, phenol and ether (see Table 3 ). Thus FTIR spectra show that the different carbon-oxygen linkages have been increased after the O 2 gas-phase treatment. However intensities of the different bands for the oxygenated chars are comparable and it is hard to conclude on the oxygenation time effect. Thus the TPD analysis has been used to provide more accurate understanding of the impact of the temperature and time of oxygenation on O-containing groups generated. TPD is a dynamic analysis which consists of recording the production of CO 2 and CO during the continual heating of the sample. Fig. 2 and Table 4 show the evolution and the total production of CO 2 and CO over time for the raw and oxygenated chars at 280°C (obtained from the micro gas chromatograph analyses).
On Fig. 2 one can observe that both the production of CO 2 and CO increased between 400 and 800°C for the oxygenated chars. After 800°C, the CO production is similar for all the samples and before 400°C less CO 2 is produced for the oxygenated chars which is explained by the loss of non-stable O-groups at that oxygenation temperature (this point is discussed more in detail in the selectivity part). The gases evolution over time is very interesting as well since we can observe that the curves of raw_char and ox_2 h samples are well distinguished but the curves of ox_4 h, ox_8 h and ox_16 h are superimposed meaning that a saturation is reached. Koch et al. [23] has done a similar study on coal char and observed a saturation of the surface after an increase of the oxygenated functions as well.
Results of the integration of the area under the curves of the Fig. 2 highlighted that the CO 2 and CO production were higher for the oxygenated chars than the raw chars (see Table 4 ). The total amount of oxygenated groups has been increased by a factor of 1.5 after 4 h of treatment since the raw_char sample contained 3.0 mmol/g char and the ox4h_280C sample 4.3 mmol/g char . Above 4 h of treatment the total amount of oxygenated functions remain almost stable. To conclude on the efficacy, the process has been successful and an increase of the total oxygenated functions was observable. However the total amount of O-groups must be regarded in terms of selectivity.
Selectivity
The next step is to evaluate the selectivity of the chemisorption with regard to the location of oxygen that was favored leading to the formation of some preferential groups. According to the literature, various types of oxygenated groups have been identified at the surface of the carbonaceous materials [24] . The theory of the TPD analyses is based on the distribution of desorption activation energies [25] . There is controversy in the literature over the assignment of the different peaks during TPD analyses. However some global trends have been established in previous studies [26] [27] [28] . CO 2 desorption is mainly due to acidic functions such as carboxylic and anhydride acids, it could also come from lactone or peroxide. Its production is observed in the 100-800°C temperature range. Carboxylic acid desorption occurs at low temperature and lactone desorption at high temperature [27] . Carboxylic anhydrides produce both CO and CO 2 and a small difference in the desorption temperature is observed. Peroxides should produce a CO 2 peak at 550-600°C [27] . CO which is produced above 600°C could originate from the desorption of weak acids such as phenol or hydroxyl but also from neutral or basic functions such as pyrone-like structure, quinone, carbonyl and ethers functions [20, 25, 29] . Hydroxyl and phenols desorb and produce CO in the 600-800°C temperature range and hydroxyl should desorb first. Pyrone-type structure and quinone (carbonyls) desorb at the highest temperature. In addition quinone desorb before pyrone-type structure. From the literature and the micro GC results, the signal has been deconvoluted using 13 Gaussians functions. The first one at 80°C has been assigned to water evaporation. The CO 2 contribution was composed of 5 peaks: 1 for carboxylic acids at 390°C, 1 for anhydrides at 450°C, 1 for peroxides at 530°C and 2 for lactones at 660 and 720°C. Six peaks have been attributed to CO production: 1 for anhydrides at 590°C, 1 for hydroxyl at 620°C, 1 for phenol at 750°C, 1 for ether at 844°C, 1 for quinone at 880°C and 1 for pyrone at 973°C. In addition a negative peak at 870°C for H 2 has been added. Peak temperatures (Tm) were bound by ±50°C and the Half Width at Half Maximum (HWHM) was kept constant. Fig. 3 presents an example of curve-fitting.
A first point of discussion is the evolution of the CO 2 /CO ratio over the process which is presented in Table 4 . The initial CO 2 /CO ratio is of 0.42 for the raw biochar, after 2 h of treatment it decreases to 0.28. This difference is due to the loss of a part of the carboxylic acids (production of CO 2 ) during the heating ramp under pure nitrogen prior the oxygenation at 280°C. During the oxygenation both functions producing CO 2 and CO have been increased. Thus the ratio remains almost stable at 0.29 (±0.01).
Curves presented in Fig. 2 also show that the CO 2 production for the raw-char sample starts near 100°C whereas it begins closer to 300°C for functionalized chars. Thus carboxylic acids desorbed during the heating ramp and were not formed during the oxygenation as the temperature was too high, the concentration of carboxylic acids has been decreased by a factor of four after the oxygenation process. Conversely peroxides and lactones have been increased 2.1 and 1.2 times respectively (see Fig. 2b ). The anhydride groups desorbed in both CO 2 and CO at 450°C and 580°C respectively. Raw chars did not contain this type of function since the CO production started above 620°C. However after oxygenation, Fig. 2 shows that the CO light-off temperature is lower for the functionalized samples compared to raw char indicating that anhydrides have been created.
On Fig. 2c it is observable that the shoulder near 700°C increases suggesting that hydroxyl/phenolic groups are enhanced. Quinone and pyrone groups were apparently not impacted by the process. Results of the deconvolution show that hydroxyl, phenol and ether have been increased by a factor of 2.6, 1.7 and 1.3 respectively whereas quinones and pyrones concentrations have not been impacted. Therefore the oxygenation process seems to be selective. Figueiredo et al. [21] also concluded on oxygenation selectivity, especially CO-based functions, over commercial activated carbons (under a 5v% O 2 /N 2 mixture at 425°C). With the extent of oxidation they also observed that the shoulder of the CO curve at low temperature became more predominant. They proposed an interpretation of this observation from the scheme described below proposed by Zhuang et al. [30] . This scheme presents the first possible interactions between oxygen, carbon atoms and oxygenated functions present at the surface. Secondary reactions or chain reactions such as Boudouard reaction or Water Gas shift reactions were not included in the following scheme: (2) and (4) are not favored which explains that no increase of quinones and pyrone are observed. However reaction (5) where oxygen reacts with carbonyl and ethers already present at the surface to form lactones, anhydrides at higher extent seem to be the predominant reaction. Fanning et al. [31] , also investigated oxidation of carbons under a mixture of O 2 /Ar. They stated that oxidation by O 2 gave evidence for initial formation of cyclic ethers. More complete oxidation produced cyclic anhydrides, lactones, phenols and ethers. Fig. 4 shows that phenol, ether, quinone and pyrone are the main O-containing functions onto raw_char surface with percentages of 16%, 20%, 17% and 14%. However after oxygenation only ether and phenol remain at 18% while quinone and pyrone contributions decreased to 12% because of the increase of hydroxyl, peroxides, lactones and the creation of anhydrides functions. Regarding anhydrides acids after 8 h of oxygenation they account for 12% of the total oxygenated functions whereas the raw biochars did not contain this type of function.
To conclude the oxygenation at 280°C mainly leads to increase the amount of oxygenated functions such as peroxides, lactones, hydroxyl and phenol which could be gathered into two main groups: the functions containing a AOH groups (hydroxyl and phenol) and those composed of one (or more) atoms inserted into a carbon ring or carbon chain (peroxide, lactone). Anhydrides functions have been created as well and take part of the second categories of functions. This trend is coherent since the raw char surface was mainly covered by edge carbon functions such as quinone and pyrone-like structures. Oxygenation at 280°C favored the formation of weak acid functions without removing basic groups such as quinone or pyrone. However the process reduce the amount of carboxylics, which are the strongest acids, by a factor of four. Thus the global amount of the oxygenated functions has been increased 1.5 keeping the duality of acidic and basic characters even if the new acidic functions at the functionalized biochars surface are less strong than the one of the raw chars.
Global acidity
The acidity of the surface is related to the oxygenated content and was investigated by measuring their pH pzc . The pH of the raw chars and the functionalized chars are 3.1 and between 2 and 4 respectively. Literature reports the investigation of a correlation between the content of O-containing groups and the pH pzc [32] [33] [34] . A relationship has been established [22] and it shows that the pH pzc decreases rapidly as the oxygen content increases from 0 to 3 mmol/g. Typically a pH pzc of about 9 corresponds to a low value of oxygenated groups (1 mmol/g). From 2 mmol/g of O-containing groups at the carbon surface the value of pH pzc is under 4 and stabilizes between 3.5 and 2 for higher values of oxygen functions. Jaramillo et al. [35] studied different methods of oxygenation on activated carbons and observed the same trend. In this study the raw-char sample contains already 3.0 mmol/gchar and the content of the functionalized chars has been increased. The values of the pH pzc are stable in the 2-4 range which is coherent with the relationship established in the literature.
BET specific surface area, porosity and mass loss
Oxygenation at moderate temperature leads to two competitive reactions: combustion of a part of the biochars carbon structure appears while oxygen atoms adsorbed at the surface. This is Table 5 Specific surface area, total micropore volume and mass loss of the raw and functionalized chars at 280°C for different oxygenation times (2 h, 4 h, 8 h).
Sample
S BET (m 2 /g) V micro (cm 3 confirmed by the mass loss which increases up to 4 h of treatment (see Table 5 ) and the production of CO 2 and CO during the oxygenation process. These two reactions should have an opposite effect on the porosity. Combustion which burns carbon atoms from the surface should enhance the porosity by freeing the pores whereas chemisorption which leads to addition of oxygen atoms tends to fill the pores and decrease the specific surface area. BET analyses of the different biochars have been performed to statue which reaction has the predominant effect on the surface area and total microporosity. Table 5 provides BET surface area and micropore volume of the raw and functionalized chars. The raw char is a microporous material with a specific surface area of 573.8 m 2 /g and a micropore volume of 0.219 cm 3 /g. At 280°C all functionalized chars exhibit both smaller surface area and micropore volume than the raw_char sample. The specific surface area has been decreased by 20% after 4 h of treatment. Then chemisorption has been the predominant phenomenon and pores tend to have been filled. As the total oxygen amount and the surface area were determined for the different biochars, an estimation of the surface occupied by oxygen atoms at the biochars surface has been investigated. For the calculation, a value of 0.083 nm 2 was assigned as the average area occupied by one oxygen atom chemisorbed on one carbon site on the primastic places of the surface [36, 37] . The surface occupied by oxygen atoms at the raw_char surface has been evaluated to 159.2 m 2 /g which represents 27% of the BET surface area of the raw char. At saturation after 8 h of treatment the percentage of surface covered by oxygen is estimated at 51%.
Partial conclusion on the impact of the oxygenation times
The oxygenation time played an important role since the longer the oxygenation, the higher the oxygen amount was chemisorbed until the saturation was reached. Oxygenation at 280°C above 4 h of oxygenation provides biochars containing 1.5 more oxygenated functions at their surface with both an acidic and basic character since the process increased weak acids such as anhydrides, peroxides and hydroxyl functions and did not remove basic groups. It has been observed that carboxylic amount was diminished by 4 after the treatment. Even if they are the strongest acids the global acidity of the surface remained unchanged since their loss was made up by the addition of the weak acids. Combustion during the O 2 gas-phase treatment has been detected by the increase of the mass loss but it was not severe enough to counterbalance the oxygen chemisorption at the biochars surface. In fact the specific surface area has been decreased by 20%. Thus we obtained good insights into evolution of the oxygenated functions arrangement over the process of oxygenation. Regarding the surface properties of the functionalized biochar the oxygenation at 280°C has been successful. The global amount of the oxygenated functions has been increased by 50% but the specific surface area was diminished by 20%.
Impact of the oxygenation temperature on the O-containing groups
The temperature dependence of the oxygen chemisorption is the topic of this section. Temperature should increase the oxygen chemisorption thus higher oxygen content should adsorb at the surface. However combustion is sensitive to the temperature as well and could become the dominant reaction. Thus efficacy and selectivity of oxygen chemisorption on biochar surface is evaluated and discussed, especially as regards to the combustion reaction. The same approach as in 3.1 was developed to study the impact of the temperature on the oxygenated content, global acidity, porosity and mass loss of the chars.
Efficacy
FTIR applied to samples obtained after oxygenation at three temperatures demonstrated that the intensity of the bands corresponding to oxygenated functions increased (not shown). Therefore oxygenation was also successfully achieved. The amounts of CO and CO 2 desorbed during TPD are presented in Table 6 (obtained from the integration of the area under the curve of Fig. 5 ). The total amount of CO and CO 2 is 1.9 and 2.1 times higher after the oxygenation at 340 and 400°C respectively. Temperature had a more significant impact on the oxygen chemisorption than the oxygenation times since the total amount was doubled in 2 h at 400°C and as recorded it was increased 1.5 times after 4 h at 280°C. Although combustion reaction occurred at the same time TPD and FTIR results highlight that the oxygenated functions amount has been increased. The CO 2 /CO is also varying as the oxygenation temperature increases meaning that O-functions are selectively increased. Fig. 5 shows a comparison of the CO 2 and CO production of TPD analyses recorded by micro-GC when oxygenation temperature increases. CO 2 and CO profiles at 340 and 400°C are significantly higher than those of the raw_char and functionalized biochar at 280°C.
Selectivity and gobal acidity
As shown in Fig. 5 , the CO 2 production profile of the samples ox2h_340C and ox2h_400C are different from the raw_char. One large peak between 400 and 800°C is observable meaning that groups desorbing in this temperature range (anhydride, peroxide, lactone, hydroxyl and phenol) should have been significantly increased. In fact peroxides were enhanced 3.1 and 4.6 times at 340°C and 400°C respectively. Regarding the lactone group, their amount has been enhanced by a factor of 1.6 and 2.0 at 340 and 400°C. Anhydrides have also been formed at these temperatures. They represent 11% and 10% of the total oxygenated functions for the samples ox2h_340C and ox2h_400°C (see Fig. 6 ). Fig. 5 .c highlights that hydroxyl and phenol have been significantly increased while ether, quinone and pyrone amounts remain stable. Results of the deconvolution show that hydroxyl amount was raised by a factor of 4 and 7 after oxidation at 340 and 400°C respectively. The amount of phenol was nearly twice higher than the amount on the raw biochars after the two oxygenation processes. On the other hand carboxylic acids have been completely desorbed at these temperatures of oxygenation. Fig. 6 shows the distribution of the O-containing groups at the surface of sample ox2h_340C and ox2h_400C. Predominant functions are phenol and hydroxyl with percentages of 24%, 20% and 17%, 21% respectively. Quinone and pyrone groups became the smaller percentages of the O-containing groups (9%). Oxygenation at 340°C and 400°C promotes the enhancement of weak acidic functions at the char surface without removing the basics groups. At 400°C, the CO 2 /CO ratio reaches 0.37 since the significant formation of peroxides, anhydrides and lactones balance the loss of carboxylic groups. Although the oxygenation increases slightly weak acidic functions, the pH pzc of the char oxygenated at 340 and 400°C are of 2 and below 2 respectively. These results are coherent with the literature Table 6 Comparison of CO 2 , CO and total production of raw_chars, ox2h_280C, ox2h_340C, ox2h_400C obtained (from the integration of the area under the curve of Fig. 5 and the discussion in the Section 3.1. The oxygen content of these two chars is higher compared to the one of the raw chars which has a pH pzc of 3.1. The high amount of oxygen function decreased the pH pzc of these chars. Table 7 shows the specific surface area, porosity and mass loss of the raw and functionalized chars. At 340 and 400°C, the oxygenation increased significantly the porosity and specific surface area. At 400°C, the porosity is enhanced by 1.5 while the specific surface area gained 15%. The mass loss reaches 26.5% which is about 4 times higher than the one of the biochars oxygenated at 280°C for 2 h. Thus combustion has been enhanced at higher temperature. Some oxygen atoms should have reacted with carbon atoms from the biochars surface. In fact CO 2 and CO productions have been enhanced during the oxygenations at 340 and 400°C. Those operating conditions free the pores instead of filling them (oxygenation at 280°C). The oxygenated biochars remain microporous.
BET specific surface area, porosity and mass loss

Partial conclusion on the impact of the oxygenation temperature
The oxygenation at 340 and 400°C were more efficient rather than at 280°C since the total oxygen amount adsorbed on the biochar was increased 1.9 and 2.1 times respectively whereas it was increased 1.3 times after 2 h at 280°C. Thus the oxygenation temperature plays a decisive role regarding the efficacy of the oxygenation. Hydroxyl, phenol, peroxides and lactones were the preferential functions enhanced, especially hydroxyl. The oxygen treatment was beneficial for the specific surface area and porosity. At 400°C, the porosity has been enhanced by 1.5 while the specific surface area gained 15%. Literature highlights that carbon catalyst containing both acidic and basic O-containing groups are very interesting and competitive compared to commercial catalyst for the destruction of methyl tertiary butyl ether [11] or the SO x and NO x abatement [9] . In fact this kind of catalytic reactions are usually performed in a low temperature range (between 80 and 200°C) which is adapted for the utilization of the oxygenated biochars as catalyst since all the added oxygenated functions during the oxygenation process are stable up to 200°C.
Conclusion
The oxygenation has been used to enhance the reactivity of gasification biochars. It has been shown that the oxygenation was successful over times (2-16 h) and operating temperatures (280-400°C). However the higher the temperature was, the more efficient the oxygenation was. Whatever the conditions, the process is selective toward weak acids formation and the selectivity is enhanced at higher temperature. In addition, the combustion has a beneficial impact on porosity at high oxygenation temperature because it frees the pores. Indeed, at 400°C the process leads to increase twice the total amount of oxygen atoms at the surface compared to raw biochar, while the increase is only of 1.3 at 280°C. Oxygenation leads to an increase of selective O-groups. Especially, formations of weak acid functions containing a AOH groups (hydroxyl and phenol) and those composed of one (or more) atoms inserted into a carbon ring or carbon chains (lactone, anhydrides, peroxides) were favored since the raw biochars surface was mainly composed of C@O functions (carbonyl, pyrone). Hydroxyl groups were particularly favored as the oxygenation temperature increased. After oxygenation biochars contain both acidic and basic functions. Porosity and specific surface area were enhanced significantly for the oxygenation reaction at 340 and 400°C. At 400°C, the porosity has been enhanced by 1.5 while the specific surface area gained 15%. Overall the results presented support the relevance of the oxygenation to increase the oxygenated groups at the surface of the biochars. This should lead to the increase of the reactivity for catalytic reactions presented in the introduction paragraph. Hence these catalytic reactions are performed at quite low temperature (below 200°C). Added oxygenated functions at the biochars surface will be stable in this range of temperature.
